G1-phase cell cycle defects, such as alterations in cyclin D1 or cyclin-dependent kinase (cdk) levels, are seen in most tumors. For example, increased cyclin D1 and decreased cdk6 levels are seen in many human breast tumors. Overexpression of cdk6 in breast tumor cells in culture has been shown to suppress proliferation, unlike the growth stimulating effects of its close homolog, cdk4. In addition to directly affecting proliferation, alterations in cdk6 or cdk4 levels in breast tumor cells also differentially influence levels of numerous steroid metabolic enzymes (SMEs), including those involved in estrogen metabolism. Overexpression of cdk6 in tumor cell lines having low cdk6 resulted in decreased levels of mRNAs encoding aldo-keto reductase (AKR)1C1, AKR1C2 and AKR1C3, which are hydroxysteroid dehydrogenases (HSDs) involved in steroid hormone metabolism. In contrast, increasing cdk4 dramatically increased these transcript levels, especially those encoding AKR1C3, an enzyme that converts estrone to 17b-estradiol, a change that could result in a pro-estrogenic state favoring tumor growth. Effects on other estrogen metabolizing enzymes, including cytochrome P450 (CYP) 19 aromatase, 17b-HSD2, and CYP1B1 transcripts, were also observed. Interactions of cdk6 and cdk4, but not cyclin D1, with the promoter region of a cdk-regulated gene, 17b-HSD2, were detected. The results uncover a previously unsuspected link between the cell cycle and hormone metabolism and differential roles for cdk6 and cdk4 in a novel mechanism for pre-receptor control of steroid hormone action, with important implications for the origin and treatment of steroid hormone-dependent cancers.
Introduction
Nearly all tumors, including those of the breast, have some defect in the network of cell cycle regulatory molecules (the cyclins, cyclin-dependent kinases [cdks] and cyclin-dependent kinase inhibitory proteins [CDKIs] ) that control G1-phase entry and transit through progressive phosphorylation of pRb and its homologs [1] [2] [3] . Observations that many of the cdks have alternative substrates and functions and may in fact be dispensable for growth [4] [5] [6] raise the possibility that defects in their levels and regulation could affect the initiation and progression of tumors through alternative mechanisms.
The early G1-phase kinases cdk6 and cdk4, which are highly related structurally and are regulated through interactions with the same D-type cyclins and CDKIs [6] , have been generally thought to play homologous functions in cells, with some notable exceptions [7, 8] . As expected, overexpression of cdk4, cdk6, or their regulatory D-type cyclins in cultured cells often leads to accelerated cell growth and their dysregulated function has been observed in many forms of cancer [2, 3, 9, 10] . However, it has also been observed that ectopically increasing cdk6 expression reduced proliferation of certain cell types, including mouse 3T3 fibroblasts and human breast tumor cell lines, through mechanisms involving p53 and/or p130/Rb2 [11, 12] . Furthermore, although overexpression or dysregulated function of cdk6 has been implicated in several types of cancer, including lymphoid malignancies [13] , squamous cell carcinomas [14] , and neuroblastomas [15] , levels of cdk6 are decreased in many breast tumors and most breast tumorderived cell lines [12, 16] . Ectopic expression of parkin in breast tumor cells also decreased their proliferation rate, with a concomitant increase in cdk6 levels [17] . Reduced cdk6 levels have also been observed in some pancreatic endocrine tumors as compared to normal tissue [18] and cdk6 overexpression resulted in decreased skin tumor development in a transgenic mouse model [19] . It has been reported that overexpression of cdk6 and cyclin D1 in chondrocytes, rather than enhancing proliferation, inhibited chondrocyte maturation and resulted in p53-dependent apoptosis [20] .
To understand further the role of cdk6 and of its homolog cdk4 in breast cancer, their levels were increased by transfection in several breast tumor cell lines and effects on expression of genes encoding steroid metabolic enzymes (SMEs) were monitored. The expression of numerous SME genes was significantly altered, including those encoding CYP19 aromatase, AKR1C1, AKR1C3, 17b-HSD2 [21] [22] [23] [24] , and in normal human mammary epithelial cells (HMECs) overexpressing cdk4, CYP1B1 [25, 26] . Many of these enzymes and/or transcripts are altered in some fraction of breast tumors [26] [27] [28] . These findings are relevant to understanding the progression and treatment of hormone-dependent breast tumors, since many of them will have altered levels of G1-phase cell cycle regulatory proteins [1] [2] [3] 12] . Taken together, the results suggest a novel mechanism for pre-receptor control of steroid hormone action in breast tissue, in which cell cycle regulatory proteins modulate steroid hormone levels.
Materials and Methods

Cell Culture
MDA-MB-468 (cat #HTB-132), MDA-MB-453 (#HTB-131), and MCF-7 (#HTB-22) cells were obtained from the American Type Culture Collection (ATCC) and grown as described [12] . Cell lines were authenticated by the ATCC by DNA (STR) profiling and isoenzyme analysis. Early passage cells were stored in liquid nitrogen. After cells were thawed and placed into culture, they were grown and expanded in number for 1 week before being used in experiments. Experiments were conducted with cells that were passaged from 1 week to up to 6 months in continuous culture, after which new cell cultures were started. Cells showed little variation in apparent morphology or growth rate during this 6-month period of culture. Normal HMECs (#CC-2551) were from Lonza/Clonetics (Allendale, NJ) and maintained as described previously [12] .
Cell Transfection
Cdk6 (wild-type (WT) and dominant-negative (DN) forms) cdk4 and cyclin D1 cDNA sequences were in pCMV-vectors with a selectable G418 (Geneticin) marker [12] . The pCMV-cyclin D1 plasmid (cat #19927) was obtained from Addgene (Cambridge, MA). Transfection of cell lines and HMECs was performed as described previously [12] and in File S1.
RNA Preparation and Analyses
RNA was prepared and RT-PCR and qRT-PCR were performed as previously [29, 30] . RT-PCR primer sequences were described previously [31, 32] and are listed in Table S1 . Gene expression was analyzed by quantitative real-time PCR (qRT-PCR) as described previously [29] . TaqMan Gene Expression Assays (Applied Biosystems, Grand Island, NY) were used for AKR1C1 (ID #Hs04230636_sH), AKR1C3 (Hs00366267_m1), 17b-HSD1 (Hs00166219_g1), 17b-HSD2 (Hs00157993_m1), CYP1B1 (Hs00164383_m1), CYP19 (Hs00903411_m1), and GAPDH (Hs99999905_m1). For AKR1C2, custom primers and probe were made with sequences shown in Table S2 . Real-time reactions were performed using an ABI 7700 Sequence Detection System (Applied Biosystems). Fold-changes in transcript levels were determined using the 2 2DDCT method, with normalization to expression of GAPDH [29] . Results were expressed as the mean6SEM. Student's two-tailed t test was used to determine the level of difference between two groups. The p value for significance is designated as *p,0.05 and **p,0.01.
Immunoblot Analysis
Cell extracts were prepared and resolved by polyacrylamide gel electrophoresis as described previously [12, 29] . Nuclear proteins were isolated using a NE-PER Extraction Kit (Pierce Chemical Co. #78833). Protein levels were compared in samples obtained from equal cell numbers and b-actin and HDAC2 were used as loading controls for whole cell and nuclear extracts, respectively. Reagents for chemiluminescence immunoblotting detection were from PerkinElmer Inc. (Waltham, MA). Antibodies used in the experiments are listed and described in Table S3A .
Immunohistochemistry
Cell lines were grown in 8-well Millicell EZ slides (EMD Millipore, Billerica, MA) and processed for immunohistochemistry as described previously [12] , with modifications described in File S1. Antibodies used are listed in Table S3B .
Oligonucleotide ''Pull-down'' Assays A well-characterized AP-1 binding site in the 17b-HSD2 gene [33] was synthesized (59TCCAGTTAGTCATCGCTCCA), coupled to biotin, and used in ''pull-down'' experiments with nuclear extracts from parental or transfectant lines. Nuclear extracts were prepared using the NE-PER Kit (Pierce Chemical Co. #78833).
Descriptions for isolation and analysis of protein-oligonucleotide complexes are in File S1.
Results
Overexpression of cdk6 in Breast Tumor Epithelial Cells Alters the Pattern of SME Gene Expression
Many breast tumor cell lines have low or undetectable levels of cdk6 and overexpression of cdk6 by transfection reduces their rate of growth [12] . To characterize further the changes resulting from stable enhanced cdk6 expression, genes whose expression was altered after transfection of MDA-MB-468 breast tumor epithelial cells with cdk6 were examined by genome-wide transcriptional profiling. The gene whose level of expression was most dramatically altered was AKR1C1 (data not shown). This change in expression level was confirmed by RT-PCR and extended to examination of other transcript-encoding enzymes involved in steroid hormone metabolism. As shown in Figure 1 , levels of transcripts for several genes encoding SMEs were dramatically altered in cdk6-transfectant cell lines. Analysis of 3 independentlyisolated clonal lines stably expressing cdk6 showed that AKR1C1, AKR1C2, AKR1C3, and 17b-HSD2 transcript levels were markedly decreased as compared to levels in non-transfected cells whereas 17b-HSD1 transcript levels remained relatively unchanged by cdk6 expression ( Figure 1A ). Levels of CYP19 transcripts were increased but CYP1B1 levels were unchanged ( Figure 1B) . Levels of cdk6 protein in the transfected cell lines are shown in Figure 1C .
These observations were quantitated by qRT-PCR for parental MDA-MB-468 cells and 4 cdk6-transfected clonally isolated cell lines ( Figures 1D and 1E ). All 4 lines showed significant decreases in AKR1C1, AKR1C2, AKR1C3, and 17b-HSD2 transcript levels. CYP19 transcripts were increased approximately 2-fold in cdk6-transfectants. CYP1B1 transcript levels showed no consistent changes across the set of transfectant lines compared to the parental line with no significant changes on average (data not shown). Levels of cdk6 protein in these transfectant lines are shown in Figure 1F . Cultures of MDA-MB-468 cells and 2 cdk6-expressing lines were grown and harvested at various times, separated by several weeks of growth. Duplicate cultures showed a high degree of reproducibility and the changes in SME expression described above were validated ( Figure S1 ).
It was noted that different SME genes were expressed at much different basal levels in breast tumor-derived cell lines. Cycle threshold (Ct) values suggested that AKR1C1, CYP1B1, and 17b-HSD2 were most robustly expressed in MDA-MB-468 cells (Table  S4) , followed by AKR1C3, which is the predominant AKR1C-family transcript in normal breast tissue [34] . Although 17b-HSD1 transcripts were detectable in the cells ( Figure 1A ) and did not change after transfection, they were at such low levels that these transcripts were excluded from further qRT-PCR analysis.
Representative Ct values obtained using MDA-MB-468 transfectant cell lines are shown in Table S4 . Examination of representative SME protein amounts showed clear decreases in AKRIC1 and AKR1C3 protein levels in cdk6-transfectants ( Figures 1G and   1H ), indicating that protein, and not only RNA, levels were altered. For comparison, the level of AKR1C3 protein is shown in normal HMEC cells ( Figure 1H ).
To determine the generality of the findings, clonally-derived cell lines with increased expression of cdk6 were also prepared using MDA-MB-453 cells. Analysis of SME gene expression showed that MDA-MB-453 cells had little or no transcripts for several of the genes analyzed above. Only CYP1B1 and 17b-HSD2 were expressed at robust levels (Table S5 ). In agreement with findings for MDA-MB-468 cells, 17b-HSD2 transcripts were greatly reduced in 3 MDA-MB-453-derived cdk6-expressing cell lines and CYP1B1 transcript levels were unchanged ( Figure 1I ). Levels of cdk6 protein in the lines are shown in Figure 1J . Table S5 demonstrates that levels of expression of SME genes in MDA-MB-468 cells were very similar to that seen in normal breast epithelial cells in culture. Both MDA-MB-453 and MCF-7 tumor cells showed greatly reduced expression of many of the SME genes. The results suggest that MD-MB-468 cells may be a good model system for studying SME gene expression and function.
Transcription patterns in MDA-MB-468 cells were also examined after transient transfection. To assess transfection efficiency, cells were transfected using a plasmid encoding green fluorescent protein (GFP). Flow cytometric analysis indicated that about 45% of the cells were transfected ( Figure S2A ). MDA-MB-468 cells were transfected with a plasmid encoding cdk6 and assessed for levels of expression of 6 SME genes. Significant decreases in levels of all 4 transcripts that were reduced in stable transfectants (AKR1C1, AKR1C2, AKR1C3, and 17b-HSD2) were seen 2 days after transfection ( Figure 2A ). By 3 days ( Figure 2B ), levels for the 4 genes were still decreased, but differences were no longer statistically significant, except for AKR1C1 transcripts. No significant changes in levels of CYP1B1 transcript levels, a gene that did not change in prior analyses, or CYP19 were seen. That no significant change in CYP19 was observed is not surprising, given the transfection efficiency and the relatively modest alterations in transcript levels seen for this gene in stable transfectants ( Figure 1E ). The levels of cdk6 at 2 and 3 days post-transfection were determined by immunoblot analysis ( Figure 2C ). Expression was high at 2 days and decreased by 3 days after transfection. The decrease in cdk6 levels with time may be due to an increase in the number of non-transfected cells in the culture as a result of a greater growth rate of non-transfected cells, enhanced death of successfully transfected cells, or alternatively, to decreased plasmid expression with time.
Increased Expression of cdk4 Alters the Pattern of SME Gene Expression but Differently than cdk6
Enhanced expression of cdk4 may play a role in breast cancer [3] . The effect of stable cdk4 overexpression in breast tumor cells was therefore examined. In comparison to cdk6 transfectants [11, 12] , cdk4 overexpression caused an increased growth rate with MDA-MB-468 cells, as shown in Figure S3 , and a pattern of changes in SME gene expression that differed markedly from that seen for cdk6 expression. Cdk4 overexpression resulted in increases in the levels of expression of AKR1C genes. AKR1C1 and AKR1C2 transcript levels were increased about 3-to 6-fold in 3 clonally-derived cdk4 overexpressing lines, as compared to the parental line ( Figure 3A) . A remarkable 30-to 50-fold increase in AKR1C3 transcript levels was seen in the cdk4-transfectants ( Figure 3B ). Cdk4 and cdk6 thus have opposing effects on expression of AKR1C-family transcripts. Cdk4 overexpression led to decreased levels of 17b-HSD2 transcripts ( Figure 3C ), as in cdk6 transfectants. No significant change in CYP19 levels were observed in 2 of the 3 clonal lines and a modest increase (less than 2-fold) was seen in 1 line. No significant change in CYP1B1 levels was observed (data not shown). Representative Ct values for the transcripts in parental MDA-MB-468 cells and cdk4-transfectant cell lines are shown in Table S4 . Levels of expression of cdk4 in the transfectants and parental line are shown in Figure 3D . Analysis of protein levels for the AKR1C1 and AKR1C3 enzymes showed clear increases in the cdk4-overexpressing lines (Figures 3E and 3F) .
Clonally-derived cell lines with increased expression of cdk4 were also prepared using the MCF-7 cell line. As shown in Table  S5 , MCF-7 cells display a fairly robust expression of the AKR1C1 and AKR1C3 genes. In agreement with the results for MDA-MB-468 cells, increased expression of the cdk4 protein resulted in increased levels of transcripts for these 2 genes, although the magnitude of the increases was less for this line ( Figure 3G ). Levels of cdk4 protein in the parental and transfectant lines are shown in Figure 3H . As indicated in Table S5 , robust expression of the CYP1B1 gene was detected in the MCF-7 line, but no significant change in transcript levels was seen after transfection (data not shown).
The effect of enhanced expression of cdk4 in normal HMECs was also examined. Since these cells have a limited life span in culture, it was not possible to isolate stable clonally-derived lines expressing the kinase. Furthermore, although they can be transfected with an efficiency of about 48% (Figure S2B Figures 3I-3K , significant, reproducible effects across a set of 3 transfectant cultures were observed. As in MDA-MB-468 and MCF-7 tumor cells, increases in the levels of AKR1C-family transcripts were seen in the cdk4-transfected normal breast cells ( Figure 3I ). Most notable, however, were dramatic increases in the levels of 17b-HSD transcripts ( Figure 3I ), which had decreased upon transfection of tumor cells, and very large increases of CYP1B1 ( Figure 3J ), which levels had not changed after transfection of tumor cells. The levels of cdk4 protein in the control and transfected cells are shown in Figure 3K . The results show that cdk4 levels altered SME gene expression in normal mammary epithelial cells, but with a different pattern than seen in tumor-derived cell lines. The results suggest that cdkmediated regulation of SME levels may be a normal cellular mechanism that is subverted during tumorigenesis.
Detection of Changes in cdk6, cdk4, and AKR1C3 Protein Amounts at the Cellular Level
In the experiments described above, changes in mRNA and protein amounts were detected in cell populations. Changes in protein amounts were also observed at the individual cellular level by immunohistochemistry. As shown in Figure 4A , MDA-MB-468 cells transfected with the sequence encoding cdk6 had more cdk6 protein than the parental cells, but there were little apparent changes in cdk4 levels. In contrast, cells transfected with the sequence encoding cdk4 had more cdk4 than parental cells, but there were little apparent changes in cdk6 levels. These findings were also substantiated by immunoblot analysis, as shown in Figure S4 . Analysis of transfected cells supported the notion that increased cdk4-transfection resulted in a marked increase in AKR1C3 protein levels. As shown in Figure 4B , a large difference in cellular content of AKR1C3 was seen between cdk6 and cdk4 transfected cells, with increased AKR1C3 levels seen in virtually all cdk4-overexpressing cells.
Increased Expression of Cyclin D1 does not Alter the Pattern of Expression of Most SME Genes
Cdk4 and cdk6 form complexes with cyclin D-family proteins, an association necessary for enzymatic activity [6] . If changes in expression of SME genes induced by cdk6 and cdk4 were dependent on cdk/cyclin D1 enzymatic activity, alterations in cyclin D1 levels would likely have an impact on SME transcript profile. As shown in Figures 5A and 5B, overexpression of cyclin D1 had no consistent, reproducible effect on AKR1C1, AKR1C2, AKR1C3, or CYP19 transcript levels in MDA-MB-468 cyclin D1-transfectant lines. Some lines showed small increases or decreases in particular transcript levels but a consistent change across the set of lines was not observed. The lines did show significant decreases in 17b-HSD2 transcript levels. Cyclin D1 levels in the cell lines are shown in Figure 5C . Analysis of stably-transfected MCF-7 lines overexpressing cyclin D1 was also performed. In addition, this line showed no consistent, reproducible effects of cyclin D1 on SME gene expression (of AKR1C1 and AKR1C3) ( Figure 5D ). Levels of cyclin D1 protein in the cell lines are demonstrated in Figure 5E .
Association of cdk6 or cdk4 with the Promoter Region of the 17b-HSD2 Gene
Cdks are known to have several roles beyond cell cycle regulation, some of which are transcriptional roles that appear to be independent of kinase function (reviewed in [35] ). For example, both WT and DN forms of cdk10 bind to the Ets2 transcription factor and modulate its activity [36, 37] . We have previously shown that the suppression of cell growth mediated by cdk6 requires kinase activity [11, 12] , but results obtained to date suggest that the effects of cdk6 upon SME gene transcription may indeed be independent of its kinase activity (and of cyclin D1, as indicated above). Thus, as shown in Figure S5 , comparative RT-PCR analysis of parental MDA-MB-468 cells with cells stablytransfected with either WT or DN forms of cdk6 showed that either form of the cdk6 protein induced similar changes in the pattern of SME gene transcripts. Thus, expression of either the WT or DN forms of cdk6 effectively reduced AKR1C1 and AKR1C3 transcript levels; AKR1C2 levels were reduced in both types of transfectants, but more dramatically in the line expressing the WT form ( Figure S5A ). As shown in Figure S5B , levels of 17b-HSD2 transcripts were reduced in both WT-and DN-cdk6 transfectants and 17b-HSD1 transcripts were not altered in either cell line.
To delineate the mechanism by which cdks affect SME gene transcript levels, experiments were performed to determine if cdks associated with the promoter region of an affected gene. The 17b-HSD2 promoter contains an activator protein (AP)-1 site involved in gene transcription [33] . A biotin-labeled oligonucleotide encompassing this sequence was synthesized and used in ''pulldown'' experiments with nuclear extracts from MDA-MB-468 parental and 2 cdk6-and 2 cdk4-transfectant cell lines. Both Jun, a component of AP-1, and cdk6 were found to associate with the 17b-HSD2 sequence ( Figure 6A ), suggesting that cdk6 may act to regulate transcripts through an association with the promoter sequence, either directly or through association with other proteins. That cdk6 is associated with the gene sequence through an interaction with Jun was not supported by coimmunoprecipitation experiments (data not shown). A similar analysis was performed using cdk4-overexpressing lines. The results in Figure 6B indicate an association of cdk4 with the 17b-HSD2 promoter sequence. The 17b-HSD2 sequence with associated nuclear proteins from MDA-MB-468 cells and from the cdk6 and cdk4 transfectant cell lines was also probed for cyclin D1 ( Figures 6C and 6D, respectively) . Cyclin D1 levels were not above background levels as seen in control samples, supporting the notion that the effects of cdk6 and cdk4 on gene expression in cdk6 and cdk4 overexpressing cells were independent of cyclin D1. Figure 6 . Association of cdk6 and cdk4, but not cyclin D1, with the AP-1 promoter sequence of the 17b-HSD2 gene. A biotin-labeled oligonucleotide representing the sequence was used in oligonucleotide ''pull-down'' assays with nuclear extracts from MDA-MB-468 parental cells and from 2 cell lines stably-transfected with cdk6 (panels (A) and (C)) and 2 cell lines transfected with cdk4 (panels (B) and (D)). The oligonucleotide and associated nuclear proteins were collected by binding to streptavidin-conjugated beads. The proteins associated with the oligonucleotide (shown in the lanes marked ''+'' in the 2 center immunoblots in each panel ((A) through (D)) were probed for Jun (top immunoblot in (A) through (D)) and either cdk6 (A), cdk4 (B), or cyclin D1 ((C) and (D)), respectively (bottom immunoblots). Lanes designated as ''2'' are negative control samples in which the nuclear extracts were incubated without the oligonucleotide but then subjected to collection using streptavidin-conjugated beads. Immunoblots to the left of the center blots show the levels of Jun, b-actin, and either (A) cdk6, (B) cdk4, or (C) and (D) cyclin D1 in whole cell extracts from the parental MDA-MB-468 cells (p468) and the cdk6 (cdk6-1 and cdk6-2) and cdk4 (cdk4-1 and cdk4-2) transfectants. Immunoblots to the right of the center blots show the levels of Jun, HDAC2, and either (A) cdk6, (B) cdk4, or (C) and (D) cyclin D1 in nuclear extracts from the parental MDA-MB-468 cells (p468N) and from the cdk6 (cdk6-1N and cdk6-2N) and cdk4 (cdk4-1N and cdk4-2N ) transfectants. doi:10.1371/journal.pone.0097448.g006
Discussion
The G1-phase cdks (cdk6 and cdk4) had differential effects on the levels of transcripts encoding SMEs that are involved in estrogen metabolism, identifying a novel mechanism for prereceptor control of steroid hormone action. Links between the cell cycle and steroid hormone action have been observed previously. Estrogen receptor (ER) ligation induces the activation of many genes that play roles in proliferation, including c-myc and cyclin D1 [38, 39] . In turn, cyclin D1 can alter ER-mediated transcription through interactions with ER co-regulatory and other transcriptional control proteins, even permitting transactivation of ER-regulated genes in the absence of estrogen [40, 41] . Cdk6 can associate with the androgen receptor, resulting in transactivation of responsive genes, independently of cdk6 binding to cyclin D1 [42] . Cyclin D1 and cdk6 can also modulate transcription through interaction with other transcription factors, including STAT3 [43] and Runx1 [44] , respectively. Integration of the findings presented here with results of previous studies is shown in Figure 7 , which illustrates that cdk6 and cdk4, associated with cyclin D1, regulate cell cycle progression, and also, perhaps independently of cyclin D1, modulate expression of genes encoding SMEs.
The precursor to steroid hormones is cholesterol, which is transported into the mitochondria and introduced into the metabolic pathways under study by CYP11A1, which converts cholesterol to pregnenolone, the first step in steroidogenesis [45] . A possible link between cholesterol and the cell cycle was suggested by Cirera-Salinas et al. [46] , who showed that the microRNA miR-33, which regulates the expression of genes involved in fatty acid and cholesterol metabolism [47] , also modulates expression of the genes encoding cdk6 and cyclin D1. The results described here suggest that this link may extend to other steps beyond the biogenesis of cholesterol.
The growth and function of steroid hormone-responsive tissues and tumors are dependent on steroid hormone levels, which are determined by numerous enzymes involved in steroid metabolism. Regulating levels of key SMEs provides pre-receptor mechanisms for control of steroid hormone action [21, 22] . In the mammary gland, the abundant AKR1C3 isoform can reduce estrone to active 17b-estradiol and catalyze the reaction of D 4 -androstene-3,17-dione to testosterone, which can then be aromatized to 17b-estradiol by CYP19 aromatase. AKR1C3, along with AKR1C1, also reduces progesterone to the less active 20a-hydroxyprogesterone form. Changes in the levels of these enzymes can thus alter hormone ratios to a pro-estrogenic state favoring proliferation [23, 24] . Type 1 and type 2 17b-HSD, which catalyze the reduction of estrone to active estradiol and the reverse reaction, respectively, also play a role in determining hormone balance in the mammary gland [28] , as do several CYP enzymes, including CYP1B1, an estrogen hydroxylase found in breast tissue [26] . Many of these enzymes and/or their transcripts are altered in some fraction of breast tumors [26] [27] [28] .
The almost complete repression of AKR1C1 and AKR1C3 transcripts by cdk6 in MDA-MB-468 cells could have a major impact in lowering the estrogen to progesterone ratio. Conversely, dramatic increases seen after cdk4 overexpression would favor a pro-estrogenic state. These observations are consistent with the notion that increased cdk4 but decreased cdk6 levels are associated with the tumorigenic phenotype of breast cancer cells [3, 12] . As noted above, cdk6 protein levels were reduced in most breast tumor clinical samples examined, especially in the cell nuclei, as compared to cells in normal breast tissue, regardless of tumor cell morphology [12] . In contrast, An et al. [48] described frequent Figure 7 . Regulatory functions of cdk6 and cdk4 in breast tumor epithelial cells: interactions of the cell cycle and steroid hormone metabolism and function. Cdk4 and cdk6 interact with cyclin D1 to regulate cell cycle progression and proliferation, through Rb and E2F-family proteins. The cdks can also regulate levels of SMEs, including the AKR1C-family of enzymes. Induction or suppression of AKR1C-family enzymes by cdk4 or cdk6, respectively, could induce either a pro-or anti-estrognic state in a breast tumor. The dashed blue lines indicate that the ER can interact with cyclin D1 to affect gene transcription, even in the absence of estrogen [40, 41] . The dashed black line indicates the interaction of the androgen receptor with cdk6, which can stimulate androgen receptor-directed gene transcription, independently of cyclin D1 [42] . Steroid hormones bound to cognate steroid receptors regulate transcription of many genes that can affect tumor cell growth and function, including those encoding proteins that directly affect the cell cycle, such as c-myc and cyclin D1 [38, 39] and perhaps SME genes themselves [54] . doi:10.1371/journal.pone.0097448.g007 amplification of the cdk4 gene and high cdk4 expression in breast cancers, especially in tumors of higher histological grade. Byrnes et al. [49] showed that overexpression of AKR1C3 in MCF-7 cells resulted in a pro-estrogenic state with increased cell proliferation in response to estrone or 17b-estradiol. Zhang et al. [50] demonstrated that changing the balance of 17b-HSD1 and 17b-HSD2 isoforms in breast cancer cell lines altered the ratio of estradiol to estrone produced by the cells. Changes in steroid metabolism in the cdk-transfected breast tumor cells described here will be presented in a subsequent publication. Since overexpression of cdk6 or cdk4 induces concomitant changes in several SMEs, a mass spectrometric approach to delineating the final changes in steroid hormone production will be utilized.
Analysis of SME gene expression was performed in 3 tumorderived cell lines, with similar results. It was noteworthy that the effects of altered cdk4 expression in normal mammary epithelial cells was similar to that seen in the tumor cell lines with respect to AKR1C-family proteins but differed with respect to others SMEs. These differences may reflect other oncogenic events that have occurred in the tumor cell lines. Of importance, the results establish that cdk-mediated regulation of SMEs is an event that can occur in normal cells. Altered expression of cyclin D1, which is observed in many breast tumors [2] , had little effect on most SME transcript levels and cyclin D1 was not associated with the Jun/cdk promoter complexes in oligonucleotide ''pull-down'' experiments. Lim et al. [42] reported that cdk-enhanced transcriptional activity of the androgen receptor in prostate cells was independent of its kinase activity. Inhibitors designed to target cdk enzymatic activities [51] will not be useful in therapy if cdk function is independent of kinase activity.
Changes in cdks may thwart standard treatments designed to alter hormone levels by inhibiting SMEs. Furthermore, because of the functional plasticity of some SMEs, changes in their levels may affect other aspects of tumor activity. For example, AKR1C3 is also a prostaglandin F synthase and is involved in prostaglandin alterations that stimulate tumor growth, angiogenesis, and invasiveness [23, 49, 52] . AKR1C-family and certain CYP enzymes, including CYP1B1, are involved in the activation of procarcinogens and the degradation of anticancer drugs [22, 25, 26, 53] . From estradiol, CYP1B1 catalyzes the formation of genotoxic catecholestrogens which can lead to DNA and protein damage [26] . Thus, alterations in cell cycle proteins may, through effects on these SME functions, have an impact on both tumorigenesis and treatment efficacy. Understanding the mechanisms involved in cdk regulation of SME transcript levels may suggest new treatments that combine strategies to inhibit both preand post-receptor mechanisms of steroid hormone action. Figure S1 The pattern of SME gene transcripts in breast cancer cells, assayed at 2 times after transfection, is altered in stablytransfected cell lines overexpressing cdk6 protein. MDA-MB-468 breast epithelial cells were stably transfected with a sequence encoding cdk6. (A) AKR1C1, AKR1C2, and AKR1C3 transcript levels in duplicate cultures of parental MDA-MB-468 cells (468-1 and 468-2) and of 2 stably-transfected cdk6-overexpressing cell lines harvested at 2 different times, separated by several weeks of growth (468-cdk6-1a and 468-cdk6-1b and 468-cdk6-4a and 468-cdk6-4b), were detected and quantitated by qRT-PCR. (B) CYP19 and 17b-HSD2 transcript levels were quantitated in the 6 cultures. The data is expressed as the mean 6 SEM, n = 3 times/group; *p,0.05 and **p,0.01. (TIF) 
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